Abstract Socioeconomic factors are known to be contributing factors for vehicle-pedestrian crashes. Although several studies have examined the socioeconomic factors related to the location of the crashes, limited studies have considered the socioeconomic factors of the neighborhood where the road users live in vehiclepedestrian crash modelling. This research aims to identify the socioeconomic factors related to both the neighborhoods where the road users live and where crashes occur that have an influence on vehicle-pedestrian crash severity. Data on vehicle-pedestrian crashes that occurred at mid-blocks in Melbourne, Australia, was analyzed. Neighborhood factors associated with road users' residents and location of crash were investigated using boosted regression tree (BRT). Furthermore, partial dependence plots were applied to illustrate the interactions between these factors. We found that socioeconomic factors accounted for 60% of the 20 top contributing factors to vehicle-pedestrian crashes. This research reveals that socioeconomic factors of the neighborhoods where the road users live and where the crashes occur are important in determining the severity of the crashes, with the former having a greater influence. Hence, road safety countermeasures, especially those focussing on the road users, should be targeted at these high-risk neighborhoods.
Introduction
Pedestrians are known as vulnerable road users due to their lack of protection and are thus more likely to be killed or seriously harmed in vehicle-pedestrian crashes. For example, pedestrians are 23 times more likely to be killed in vehicle-pedestrian crashes than car occupants in the USA [1] . According to the World Health Organisation [2] , 22% of the 1.25 million people killed each year in road traffic crashes worldwide are pedestrians. In Calgary, Canada, only 7.4% of the vehicle-vehicle collisions on local roads resulted in injuries [3] , but 84.8% of the pedestrian-vehicle collisions on local roads resulted in deaths or serious injuries [4] . In Great Britain, 23% of all fatalities in road crashes in 2013 were pedestrians [5] and 39% of the traffic fatalities in Korea were pedestrians [6] . Likewise, 4884 pedestrians were killed in the USA and an estimated 65,000 were injured in traffic crashes in 2014 [7] .
Therefore, vehicle-pedestrian crashes are a major concern in many countries, and many studies have been conducted to identify the factors contributing to these crashes. Personal characteristics of pedestrian, such as age and gender, have been found to be significant variables in several studies [6, [8] [9] [10] , while vehicle type and road geometry factors have been identified as important variables in other studies [11] [12] [13] . Additionally, the influences of built environment, environment condition, and speed limit have also been investigated in many studies [14] [15] [16] [17] .
Relatively few studies, however, had examined the contribution of socioeconomic factors, such as culture, income and level of education, on vehicle-pedestrian crashes. Campos-Outcalt et al. [18] examined the influence of race and ethnicity on pedestrian crashes in Arizona and revealed that the rates and circumstances of pedestrian deaths were affected by these factors. In addition, several studies had examined the influences of income and education level on vehicle-pedestrian crashes [19] [20] [21] [22] .
In general, two main approaches were used to examine the influence of socioeconomic variables on vehiclepedestrian crashes. Some studies used the socioeconomic characteristics of the neighborhood where pedestrians lived [19, 21, 22] while other studies used the socioeconomic factors related to the neighborhoods where the crash occurred [23, 24] . However, limited or no study has investigated the socioeconomic factors related to both types of neighborhoods or examined their relative importance.
Studies show that social and economic factors related to location of crashes could influence on vehiclepedestrian severity level (Table 1 ). For instance, Wier et al. [25] and Graham et al. [26] showed that the proportion of low-income households and the proportion of people without access to a motor vehicle were contributing factors for vehicle-pedestrian crash injury severity. Therefore, understanding the social and economic factors related to location of crashes may assist road safety professionals to target suburbs to apply sitespecific pedestrian safety programs and improving vehicle-pedestrian safety issue in these suburbs.
Meanwhile, other studies showed that socioeconomic factors could influence road users' behavior [27, 28] . For instance, studies showed that ethnicity and family background were important factors associated with traffic crashes [29] [30] [31] . Therefore, using drivers' and pedestrians' residency neighborhood social and economic factors can assist in identifying target suburbs to apply different road user behavior change programs and improve traffic safety knowledge of road users in these suburbs.
This research aims to examine the influence of socioeconomic factors of the neighborhoods where the crashes occur, the neighborhoods where drivers live and the neighborhoods where pedestrians live, as well as examining their relative importance. It will examine the neighborhoods where the road users live (residency neighborhood) and where the crashes occur (crash neighborhood) on vehicle-pedestrian crash severity, while controlling for the influences of roadway, road user, vehicle and environmental factors. It will contribute to advancing knowledge in the field as very limited research has been conducted to examine the influence of socioeconomic factors of both the neighborhoods where the crashes occur and where the pedestrians live.
Data
Data on vehicle-pedestrian crashes on public roads that occurred at mid-blocks in the Melbourne metropolitan area from 2004 to 2013 were extracted from Victoria Road Crash Information database. Melbourne metropolitan area refers to Capital City Statistical Division (Capital City SDs) in Australian Standard Geographical Classification (ASGC) [32] . According to ASGC definition, Capital City SDs are predominantly urban in character and represent the state/territory capital cities in the wider sense. Figure 1 shows the Melbourne metropolitan area. It should be noted that in Victoria, Australia, only crashes resulting in deaths or injuries were required to be reported to the police. In this database, the severity of a crash was determined by the person who suffered the most severe injury and was recorded using three categories. A fatal crash referred to a crash in which at least one person died within 30 days of a collision. According to VicRoads classification, a serious injury crash referred to a collision that resulted in at least one person being sent to hospital. Other injury crash referred to a crash that did not have any fatality or serious injury.
Data on the socioeconomic factors were extracted from Australian Bureau of Statistics (ABS). Since information on the postcodes of the crash location and the addresses of the persons involved in the crash (residency location) were available in the crash database, socioeconomic data at the postcode level were extracted from the ABS. Geographic Information Systems (GIS) was then used to merge the crash information and the socioeconomic data. The final dataset used contained 3577 crashes, of which 152 (4%) were fatal crashes, 1679 (47%) were serious injury crashes and 1746 (49%) were other injury crashes. It should be noted that 20% of pedestrian, 11% of drivers and only 6% of both drivers and pedestrians had the same postcode for the crash location and residency locations. Table 1 and 2 show the summary of categorical and continuous variables used in this research.
Method GIS is applied in this research to compile the dataset. All data including crash data, social and economic data and traffic data are added as separate layers in Arcmap GIS and merges using the postcodes of the crash locations and the postcodes of the road users' addresses to their. The final dataset includes traffic and road characteristics data, personal characteristics data and socioeconomic data for location of crashes and road users' residency neighborhood. Then, this final dataset is applied in boosted decision tree (BDT) to identify contributing factors for vehicle-pedestrian crashes. Figure 2 shows the method that is applied in this research.
Non-parametric techniques such as decision tree (DT) and support vector machine have been used in different traffic crash severity analysis [33] [34] [35] [36] [37] [38] . The DT approach is a simple and powerful method to solve classification problems and provides a graphical structure using a tree with many branches and leaves. These graphical features are useful in understanding and interpreting the results [34] .
In DT models, the root node in top of tree which contains all objects is split into two homogeneous sets that are called child nodes. Then, DT splits child nodes until no further split can be made, i.e. all child nodes are homogenous (or a user-defined minimum number of objects in the node is reached). These final nodes are called terminal nodes or leaves and they have no branches. DT then removes all branches with little impact on the predictive value of the tree. In the DT technique, the best tree is determined by dividing the sample into learning and test sub-samples and the testing error rates or costs are used to prune the tree. The learning sample is used to grow an overly large tree. Then, the test sample is used to estimate the rate at which cases are misclassified (possibly adjusted by misclassification costs). The misclassification error rate is calculated for the largest tree and also for every sub-tree. The best sub-tree is the one with the lowest or near-lowest cost, which may be a relatively small tree. One disadvantage of the DT model is that it is often unstable, and the results may change significantly with changes in the training and testing the data [39] . Therefore, ensemble models, such as bagged decision tree (BgDT), boosted decision tree (BDT) and random forest (RF), are applied in some studies to improve the reliability and accuracy of DT models [24, [40] [41] [42] [43] [44] . Since BDT has better performance in vehicle-pedestrian crash severity analysis than DT and BgDT models [24] , BDT model is applied in this research to explore the factors contributing to vehicle-pedestrian crash severity.
BDT combines regression trees and boosting technique to improve the performance of DT models. Boosting is a forward and stage-wise procedure in which a subset of data is randomly selected to iteratively produce new tree models to improve the quality of prediction [45] . This process introduces a stochastic gradient boosting procedure that can improve model performance and reduce the risk of over-fitting [46] . In stochastic gradient boosting procedure, at each iteration, a subsample of the training data is drawn at random (without replacement) from the full training dataset. The randomly selected subsample is then used, instead of the full sample, to fit the base learner.
In this approach, after the first tree is fitted, the residuals are calculated. In BDT, the difference between the target function and the current predictions of an ensemble is called the residual. In next step, observations with high residual values are defined as an observation with high prediction error. Then, BDT calculates the adjustment weights using Eq. 1:
where 0 ≤ m(i) ≤ n and n is the number of fitted decision tree models and m is the number of models that misclassified cases i in the previous step. The weights are then used to adjust the estimated probabilities and minimize the misclassification error rate. Hence, subsequent trees are fitted to the residual of the previous tree [47] . This process is repeated n times and m models to adjust the estimated probabilities.
In DT model, the relative importance of the independent variables (predictors) is calculated based on the number of times a variable is selected to split a node and the improvements in classification. However, in the BDT model, the importance of a predictor x i for a classifier Γ is obtained by averaging or weighted averaging the importance in the set of classifiers (dependent variables) using Eq. 2 [48] .
where C is the number of classifiers in the BDTs and Tc indicates the decision tree produced at the c th step. In this research, fitted BDT models were obtained using the Bgbm^library [49] in the R software [50] in the caret package [51] . To develop the BDT model, the repeated k-fold cross-validation technique was applied. The dataset was randomly divided into k blocks of roughly equal size instead of dividing the data into training and testing sub-sets. In each iteration, one block was left out and the other k-1 blocks were used to train the model. Each k block was left out once and the left out block was used for prediction. These predictions are summarized in a performance measure (e.g. accuracy). This procedure was repeated s times to decrease the error and find the most robust model. The (s x k) estimates of performance were then averaged to obtain the overall re-sampled estimate.
In this research, a 10-fold cross-validation with 5 iterations [24] was applied for each model, and the Fig. 2 Methodology that is applied in this research Neighborhood Influences on Vehicle-Pedestrian Crash Severityperformances of the models were estimated. In addition to the error rate, interaction depth and shrinkage were other parameters that were used to evaluate the BDT models. The shrinkage or learning rate was used to determine the contribution of each tree to the growing model. This parameter was used to decrease the contribution of each tree in the model. Tree complexity or interaction depth represented the depth of a tree and showed the interaction among predictor variables. Based on previous research, the interaction depth and shrinkage parameters were assumed to be 15 and 0.1 [24] , respectively, in this study and the model repeated 2000 times (boosting iterations) to find the final model.
Results and Discussion
Identifying factors that might have important relationships with vehicle-pedestrian crash severity could assist traffic safety professionals in choosing the appropriate safety countermeasures, such as road geometry modifications, improving traffic safety knowledge or changing road user behaviors through social marketing campaigns. The top 20 factors identified by the BDT models are shown in Fig. 3 . To facilitate comparison, the score indicating the importance of each factor was scaled so that the top factor has a score of 100. In general, the top 20 most important factors could be grouped into five categories: roadway and traffic, road user characteristics, drivers' residency neighborhood, pedestrians' residency neighborhood and crash neighborhood factors. In addition to the importance plot, the partial dependence plot for these factors was also generated and shown in Figs. 4, 5, 6 , 7 and 8 to facilitate the interpretation of the results.
As shown in Fig. 3 , seven of the top 20 factors were roadway and traffic-related factors, one was related to the characteristics of road users involved in the crash, four were socioeconomic factors of the pedestrians' residency neighborhood, five were related to drivers' residency neighborhood and three were related to the socioeconomic characteristics of the crash location. Also, six of the socioeconomic characteristics of the drivers' and pedestrians' residency neighborhoods were ranked ahead all the socioeconomic factors related to the crash location. These findings implied that the Neighborhood Influences on Vehicle-Pedestrian Crash Severitywere ranked at the top. Overall, the most important contributing factor identified by the BDT model was distance of vehicle-pedestrian crash locations to public transport stops. Also, as shown in Fig. 4a , an increase in the distance between the crash location and public transport stop up to 600 m was associated with an increase in the probability of a crash being severe (fatal or seriously injury). This finding was similar to the results of other [24] . Therefore, applying lower speed limits around public transport stops or using onsite safety posters or signs to warn drivers and pedestrians to be more careful might assist in reducing vehicle-pedestrian crash severity in these areas. Additionally, the existence of buses in bus stops could decrease the drivers' and pedestrians' sight distances and increase the probability of crashes. Designing proper bus stop bays might help to resolve this problem and reduce the risk and the severity of vehicle-pedestrian crashes.
As shown in Fig. 3 , the next four most important factors in vehicle-pedestrian crash severity were also related to roadway and traffic factors, including light condition, road gradient, number of lanes and road width. These findings were consistent with published research [10, [52] [53] [54] [55] . According to Fig. 4b , the risks of fatal and serious injuries in vehicle-pedestrian crashes were lower in day-time than at night. This finding is expected because an increase in lighting and visibility would increase sight distance. Hence, installing street lighting in vehicle-pedestrian crash hotspots would alleviate this safety issue.
In addition, according to Fig. 4c , increasing the road slope up to about 1% would increase the likelihood of the crash being fatal, while the risk of serious injury would increase between 1 and 4% road slope, and further increases in road slope would increase likelihood of the crash resulting in only minor injury. Road gradient could impact the breaking distance and driver sight distance. Therefore, applying lower speed limit on roads with slope and providing sufficient advance warning to drivers to reduce their vehicle speed could reduce the vehicle-pedestrian crash severity.
Furthermore, according to Fig. 4d , increasing the number of lanes and road width would increase the severity of vehicle-pedestrian crashes. On wider roads, pedestrians would need more time to cross the roads, and thus installing pedestrian crossing facilities and road medians on wider roads to provide a safe refuge when crossing the roads could be an effective means to improve pedestrian safety (Table 2) .
Road Users' Characteristics
Four road users' characteristics were examined in this study because these were the only characteristics for which data were available. These characteristics included the age (six groups) and gender (three groups) of the drivers, and the age (seven groups) and gender (three groups) of the pedestrians involved in the crashes. Interestingly, as shown in Fig. 3 , only one of these 19 Driver gender (male), for example, had an importance score of only 2.4 and was not ranked in the top 100 variables. Among other reasons, the age and gender of road users were often used to capture their attitudes and behaviors, and these characteristics were found to be significant in many studies [4, 6, 56] . However, part of these influences might have been captured by the socioeconomic characteristics of the drivers' and pedestrians' residency neighborhoods.
Pedestrians aged 75 and older were the only variable to be ranked in the top 20 factors affecting vehiclepedestrian crash severity. Also, according to Fig. 5 , pedestrians over 75 years of age experienced an increase in the risk of suffering a fatal or serious injury in a vehicle-pedestrian collision. This result was expected because of the increased fragility of older pedestrians. This result was similar to results of other studies showing that an increase in the age of the pedestrians would increase the probability of serious and fatal crashes [9, 52, 57] .
Pedestrians' Residency Neighborhood Characteristics
As shown in Fig. 6a , variations in the percentage of public transport usage for commuting in pedestrians' residency neighborhood would have a considerable influence on the vehicle-pedestrian crash severity. According to the figure, increases in the percentage of public transport usage in pedestrians' residency neighborhood were associated with increases in the probability of fatal and serious injury crashes, although the risk of fatal injury appeared to plateau around 1.5%. Moreover, as discussed previously, the probability of a crash to be serious or fatal would increase with increasing distance from public transport stops. These results were expected because people need to walk to access to public transport stops, and pedestrians would often jaywalk to catch the bus or tram. Therefore, the probability of a vehicle-pedestrian crash being severe would be higher for pedestrians who lived in suburbs with high percentages of bus usage.
As shown in Fig. 3 , the median age of people living in the pedestrians' residency neighborhood was an important contributing factor in vehicle-pedestrian crash severity. Furthermore, as shown in Fig. 6b , the probability of a vehicle-pedestrian crash to result in fatality or serious injury would be higher for pedestrians who lived in suburbs with a higher median age than 30 years of age, and this risk would increase with increasing median age. Therefore, pedestrian-related road safety campaigns or health promotion activities should be targeted at these suburbs.
According to Fig. 3 , country of birth would be another contributing factor in vehicle-pedestrian crash severity. People from different family background and culture would have different attitudes and walking behaviours, which could have an impact on vehiclepedestrian crash severity. Previous research had shown that ethnicity and family background were important factors associated with traffic crashes [29] [30] [31] . Our results, as highlighted in Fig. 6c , suggested that suburbs with higher proportions of people born in the UK could be targeted for pedestrian safety educational programs or campaigns. These programs could increase the traffic safety knowledge, especially safe walking knowledge, and improve pedestrian safety for people living in these targeted suburbs.
Drivers' Residency Neighborhood Characteristics
As shown in Fig. 3 , the level of education in the drivers' residency neighborhoods was an important contributing factor in vehicle-pedestrian crash severity. According to Fig. 7a , an increase in the number of people with technical and further education in the drivers' residency neighborhoods would increase the risk of a serious injury crash instead of a minor injury crash. This result was consistent with previous studies that found that drivers with higher levels of education accepted more risk in driving and were more involved in traffic crashes [58, 59] . Therefore, driver safety education, pedestrian awareness campaigns and other behavioral change programs should be targeted at neighborhoods with higher proportions of people with technical education.
As shown in Fig. 3 , the ethnicity of the people living in the drivers' residency neighborhoods was an important contributing factor in vehicle-pedestrian crash severity. According to Fig. 7b , increases in the percentage of people living the drivers' residency neighborhoods with indigenous background from 0.2 to 0.6 would increase the probability of vehicle-pedestrian crashes to be fatal but decrease the probability of vehiclepedestrian crashes resulting in serious injuries.
Furthermore, as shown in Fig. 3 , the percentage of public transport use in drivers' residency neighborhoods could influence the severity of vehicle-pedestrian crashes. Also, according Fig. 7c , that the severity of crash would generally be lower in suburbs where more people use public transport. Drivers living in these suburbs might be more aware of and had better attitudes towards pedestrians and public transport users. Therefore, education programs and campaigns to inform drivers about pedestrian safety should be targeted at neighborhoods with lower percentages of public transport use.
Moreover, as shown in Fig. 7d , increases in the percentage of people living the drivers' residency neighborhoods who were born in the UK were associated with increases in vehicle-pedestrian crash severity level. Therefore, driver safety education and other behavioural change programs should be targeted at neighborhoods with around 0.6% indigenous people and higher proportions of people who were born in the UK.
Crash Location Neighborhood Characteristics
As shown in Fig. 3 , the population density of the crash location was an important factor contributing to vehiclepedestrian crash severity. This result was similar to those of La Scala et al. [60] , Clifton et al. [61] and Toran pour et al. [24] , which showed that changes in population density might influence vehicle-pedestrian crash severity. According to Fig. 8a , increases in the population density were associated with slight and gradual increases in the likelihood of serious injuries in vehiclepedestrian crashes. However, increases in the population density, particularly between 1000 and 2000 people per square km, were associated with decreases in the likelihood of fatality.
As shown in Fig. 8b , c, a larger number of people with technical or Bother^education living in the location of the crash would be associated with an increase in the probability of serious vehicle-pedestrian crashes. These results were expected because the land use and jobs available in each suburb might attract people with specific education type and level, income and occupations. Additionally, it might influence the driving and walking behaviors in the neighborhood, the quality of the road and the swiftness of emergency responses in the event of a crash.
Therefore, site-specific road safety countermeasures, such as road safety audits, engineering treatments and enforcement activities should be targeted at neighborhoods with high population densities and higher percentages of people with technical or Bother^educa-tion. Additionally, site-specific road safety messages could be used to alert road users and change driver and pedestrian behavior in these areas.
Conclusion
Identifying contributing factors in vehicle-pedestrian crash severity could assist transportation engineers, road safety professionals and policy makers in developing and implementing effective countermeasures to reduce the number of pedestrian deaths and injuries. In this research, the BDT model was applied to identify the contribution of socioeconomic factors related to locations of crashes, and also pedestrians' and drivers' residency neighborhoods. Results of this research would provide valuable information to assist road safety professional in targeting the right neighborhoods to implement different safety measures related to pedestrians and drivers, as well as targeting site-specific safety measures to reduce vehicle-pedestrian crashes.
This study found that neighborhood socioeconomic characteristics accounted for 12 out of the 20 most important variables in vehicle-pedestrian crash severity at mid-blocks. Moreover, this research revealed that nine of these 12 socioeconomic variables were related to pedestrians' and drivers' residency neighborhoods, which showed the importance of factors related to residency neighborhoods compared to factors related to the location of crashes.
This research found that public transport use and family background were the two most important factors affecting vehicle-pedestrian crash severity that were related to the pedestrians' residency neighborhoods. According to the results of this research, neighborhoods with high public transport usage, and higher proportions of people born in the UK, could be targeted for measures to improve the safety of pedestrians, such as pedestrian safety educational programs.
This study also found that the level of education, ethnicity and usage of public transport in the drivers' residency neighborhoods were important contributing factor in vehicle-pedestrian crash severity. This research showed that drivers' behavior modification programs need to be targeted at neighborhoods with higher proportions of people with technical and trade education, higher proportions of people who were born in the UK and neighborhood with around 0.6% of the population with indigenous background. Raising the awareness of drivers in these targeted neighborhoods about vehiclepedestrian safety and developing other driver safety campaigns would decrease the number of injuries and deaths related to vehicle-pedestrian crashes.
Further, this research found that population density and the percentage of people with technical or trade education had important effects on the location and severity of vehicle-pedestrian crashes. This research provided some evidence to support the recommendation that site-specific engineering, enforcement and safety messages should be applied in neighborhoods with higher population density and larger shares of people with technical or trade education.
